Light-stimulated adjustment of the circadian clock is an important adaptive physiological response that allows maintenance of behavioral synchrony with solar time. Our previous studies indicate that the aryl hydrocarbon receptor (AhR) agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin attenuates light-induced phase resetting in early night. However, the mechanism of inhibition remains unclear. In this study, we showed that another potent AhR agonist-β-naphthoflavone ( 
Mammals generate and maintain physiological and behavioral rhythms with approximately 24 h periodicity due to molecular oscillations in the suprachiasmatic nucleus (SCN) of the hypothalamus (Bendova and Sumova, 2006; Meijer et al., 1998; Pittendrigh and Daan, 1974; Ralph et al., 1990) . Interacting transcriptional-translational feedback loops engendered by a core group of clock genes provide the underlying molecular framework for this circadian rhythmicity (Ko and Takahashi, 2006; Lowrey and Takahashi, 2004; Reppert and Weaver, 2002) . The core clock components CLOCK and BMAL1 form a heteromeric complex that binds to E-boxes in the promoters of the Period (Per1, Per2, and Per3) and Cryptochrome (Cry1 and Cry2) genes, thereby driving their expression; Per and Cry proteins, in turn, enter the nucleus to inhibit the CLOCK-BMAL1-mediated gene transcription (Kume et al., 1999; Zheng et al., 2001) .
On the other hand, the circadian clock period is not exactly 24 h, so internal clocks require daily adjustments to reset appropriately to match with environmental time (Challet et al., 2003) . Light is the most prominent zeitgeber used to synchronize the organism with the external environment. Light-induced phase resetting in the SCN is mediated primarily by glutamatergic neurotransmission in response to retinal light information (Tischkau et al., 2003) . During the subjective night, a single light pulse is sufficient to cause phase resetting through increasing Ca
2+
-cAMP-mediated cAMP-response element (CRE)-binding protein (CREB) phosphorylation and activation of CRE-mediated transcription (Ding et al., 1997) . Light-induced resetting of locomotor activity and glutamate-induced resetting of SCN firing rate rhythms can be blocked by mPer1 antisense oligonucleotides, and this response to light does not occur in mPer1-deficient mice (Akiyama et al., 1999; Albrecht et al., 2001) . CRE elements in the Per1 promoter are required for this response. Thus, Per1 is essential both for conveying the lightentrainment signal and for generation of circadian rhythm.
Our previous study demonstrated that aryl hydrocarbon receptor (AhR) activation inhibits basal Per1 expression and alters the endogenous rhythm of Per1 through repressing CLOCK/BMAL1 activity at E-box elements (Xu et al., 2010) . We have also demonstrated that 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) exposure significantly reduces phase shifting responses to light pulses during the early night in vivo (Mukai et al., 2008) . This study was undertaken to determine the underlying mechanism by which AhR activation attenuates responsiveness to nocturnal light.
Here, we show that a potent agonist of AhR, β-naphthoflavone (BNF), reduces the phase resetting induced by a light pulse in early night and attenuates Per1 gene induction in SCN, liver, and hepatoma cells. In addition, BNF increases JNK phosphorylation that inhibits CRE activity and CRE-mediated Per1 gene induction. These findings demonstrate a novel mechanism through which AhR activation by ubiquitous environmental pollutants or chemotherapy agents represses circadian clock resetting. Discordance between the internal clock and the external environment likely contributes to sleep disorders and fatigue.
Wheel running and light pulse. Detailed procedures for behavioral analysis of rhythms in the AhRKO mice have been described in our previous study (Mukai et al., 2008) . In brief, WT and AhRKO mice were provided with 4.5-in. diameter activity wheels. After entrainment to a LD schedule for 7-14 days, the mice were placed in DD for 7-10 days. At CT0, mice were injected ip with 100 μg/kg BNF or vehicle, and 1 week later a 30-min (500 lx) light pulse was given at CT16 (where CT12 is defined as the time the animals start running on the wheel in DD). Wheel running activity data were not collected during the treatment. After 30 min, the cage was returned back to DD, and collection of activity data was reinitiated for 7-10 days. Behavioral analysis of period before and after treatment was performed using Clocklab software (Actimetrics, Evanston, IL) as previously described (Mukai et al., 2008; Tischkau et al., 2000 Tischkau et al., , 2003 . Phase shifting of the circadian clock was assessed after re-establishment of a stable period by measuring the difference in activity onset on the day before the light pulse in comparison to the maximal phase delay at 2-3 days after the light pulse and restabilization of period. qPCR. Total liver or cellular RNA was isolated using TRI-Reagent (MRC). Total RNA (2 μg) was added to 25 μl of reaction mixture with reverse transcriptase (Promega). Five microliters of diluted cDNA were then used in 20 μl of SYBR Green PCR mix (Quanta) containing 300 nm Per1; Bmal1-specific primer pairs as previously published (Mukai and Tischkau, 2007) ; or 1× QuantiTect primer assay for Per2, clock, Cry1, Cry2, c-fos, or cyp1a1 gene expression analysis (Qiagen). Amplification was performed using a Smart Cycler rapid thermal cycler (Cepheid) according to the following protocol: an initial 10 min denaturation step at 95°C followed by 40 cycles of denaturation (95°C) for 30 s, annealing (primer-optimized temperature) for 30 s, and extension (72°C) for 30 s. Detection of the fluorescent product was carried out during each 72°C extension period, and emission data were quantified using threshold cycle (Ct) values. Relative standard curves were created as previously described (Karman and Tischkau, 2006) and were used to calculate the relative amount of all genes. Relative gene expression fold change was calculated after normalization by actin as well as using standard curve. PCR product specificity from each primer pair was confirmed using melting curve analysis and subsequent agarose gel electrophoresis.
Immunoblot analysis. Total cellular protein was extracted using Complete Lysis-M (Roche), and liver protein was isolated using T-PER (ThermoScientific). Protein concentrations were determined with a BCA kit (ThermoScientific), and 40-80 μg of protein was separated with SDSpolyacrylamide gel electrophoresis and transferred to nitrocellulose membrane (Bio-Rad). Blots were blocked with 5% nonfat milk for 1 h and then incubated with a specific primary antibody overnight at 4°C. Blots were incubated with secondary antibody (LI-COR Bioscience) for 1 h at room temperature following washes. Images were taken by LI-COR imaging system (LI-COR Bioscience). AhR antibody was from BIOMOL, β-actin antibody was from Sigma, and all other primary antibodies were from Cell Signaling. Densitometry was performed using Quantity One (Bio-Rad) software.
In situ hybridization. The brains were fixed overnight at 4°C in 4% paraformaldehyde, followed by cryoprotection in 20% sucrose and sectioned at 10 µm on a cryostat. Hybridization was performed using digoxygenin-labeled riboprobes as described previously (Karman and Tischkau, 2006) . Luciferase assay. mPer1 promoter regions and oligonucleotides corresponding to the CRE-mPer1 luciferase reporter were gifts from Dr Paolo Sassone-Corsi at the University of California at Irvine. Cotransfection experiments were performed with c7 and c12 cells. Cells were plated in 24-well plates in DMEM-RS, supplemented with 7.5% bovine growth serum. Transfection experiments were performed using lipofectamine (Invitrogen) according to the manufacturer's protocol. Transfection mixtures generally contained 1 μg of mPer1-Luc or CRE-Luc, and the internal control pRL-TK vector (10 ng). Transfected cells were cultured for an additional 24 h, washed once with cold PBS, and resuspended in passive lysis buffer (Promega). The reporter gene firefly luciferase activity was initiated by mixing an aliquot of lysates (20 μl) with Luciferase Assay Reagent II (Promega). Then, Renilla activity was detected. Luciferase was normalized to the Renilla signal.
Decoy transfection. Two hundred nanomoles of E-box sense sequence: TTTAGCCACGTGACAGTGTAACGACACGTGGGCCCTCAAGTCC-ACGTGCAGGGA and antisense sequence: TCCCTGCACGTGGACTT-
and corresponding mutant sense sequence: TTTAGCCTGGTGAC-AGTGTAAC-GA-CTGGTGGGCCCTCAAGTCCTGGTGCAGGGA and antisense sequence: TCCCTGCAC-CAGGACTTGAGGGCCCACCAGT CGTTACACTGTCCCAGGCTAAA were synthesized by Invitrogen. These sense and antisense sequences were mixed, then heated for 5 min at 100°C, and slowly cooled down to room temperature for annealing. These oligonucleotides of 200nM were transfected using Lipofectamine (Invitrogen) and incubated overnight. These cells were treated with BNF, FSK, or BNF + FSK and harvested for total RNA.
RESuLTS

AhR Activation Reduced Light-Induced Phase Resetting
The effects of AhR on light-induced phase resetting of the behavioral circadian rhythm were assessed using wheel running in BNF-and vehicle-treated WT and AhRKO mice (Fig. 1A) . In WT mice, the light pulse-induced phase shift was reduced following BNF treatment compared with vehicle-treated controls (Fig. 1B) , and WT mice displayed mildly smaller phase shifts than AhRKO mice. In addition, BNF treatment did not change the phase shifts in the AhRKO mice (Fig. 1B) , suggesting that the effect of BNF on light-induced phase shift is dependent on AhR. BNF or light treatment did not affect the free-running period of the mice.
AhR Activation Represses Light-Induced Per1 Gene Expression
Per1 gene induction is the major molecular mechanism that mediates light-induced phase resetting during the subject night (Akiyama et al., 1999; Albrecht et al., 2001 ). To determine whether the effect of AhR activation on light-induced phase resetting is associated with reduction of Per1 gene induction, Per1 transcripts were measured in SCN using in situ hybridization after light pulse and/or BNF treatment. Per1 transcripts were induced in the SCN by the light pulse during the early night, and BNF treatment substantially reduced the lightinduced Per1 transcripts in SCN ( Fig. 2A) .
The master clock in the SCN synchronizes peripheral clock through endocrine and neuronal connections to ensure internal synchrony of mammalian physiological behavior and metabolic rhythms. Light pulses also influence expression of peripheral organ clock genes during subject night (Cailotto et al., 2009) . Hepatic Per1 gene expression was significantly increased after the light pulse, and this increase was blocked by BNF treatment (Fig. 2B) . As a positive control, AhR target gene cyp1a1 was raised 3000-to 4000-fold with BNF treatment in the liver regardless of whether there was a light pulse (Fig. 2C ). In addition, Per1 was the only circadian clock gene whose transcript was altered in the liver following a light pulse; no changes in Cry1, Cry2, Per2, Bmal1, c-fos, or clock were detected (Fig. 2D) . These results indicate that BNF represses light-induced Per1 gene expression in the SCN and in the liver (Figs. 2A and 2B), providing a potential mechanism for the reduction of light-induced phase shifts (Fig. 1) .
AhR Activation Inhibits FSK-Induced Per1 Gene Expression
Hepatoma cell lines c7, c12, and c4 were utilized to evaluate the molecular mechanisms by which AhR/ARNT signaling contributes to the inhibition of light-induced Per1 in response to BNF. As indicated in Figure 3A , c7 and c4 cells express high levels of AhR protein, whereas AhR protein levels are dramatically reduced in c12 cells; c4 cells lack functional ARNT (Numayama-Tsuruta et al., 1997). Thus, the AhR/ ARNT target gene, cyp1a1, is significantly lower in both c12 and c4 than in c7 cells (Fig. 3B) . These results indicate that the AhR/ARNT signaling pathway is intact in c7 cells but not in c12 or c4 cells.
FSK mimics the effect of a light pulse on Per1 by stimulating adenylate cyclase, generating cAMP and increasing Per1 (Travnickova-Bendova et al., 2002) . Figure 3C clearly shows that FSK increased the Per1 transcript from DMSO control in c7, c12, and c4 cells. BNF treatment decreased basal levels of the Per1 transcript only in c7 cells, which is consistent with our previous report (Xu et al., 2010) . Interestingly, pretreatment with BNF significantly reduced FSK-induced Per1 transcript in c7 cells but not in c12 and c4 cells. These results reaffirm that BNF reduces light-induced Per1 expression through the AhR/ ARNT signaling pathway.
The AhR/ARNT target gene cyp1a1 was examined to further evaluate the intact AhR/ARNT signaling pathway. c12 cells displayed a lower basal and BNF-induced expression of cyp1a1 compared with c7 cells, and cyp1a1 was not induced by BNF in c4 cells as shown in Figure 3D . Because of the widely disparate values of cyp1a1 in the three cell lines (likely related to the functionality of the AhR pathway), these data are plotted on a semilog graph and cannot be analyzed by two-way ANOVA. One-way ANOVA was used for each cell type and demonstrated significant increases in cyp1a1 with BNF and
FIG. 1. AhR activation reduces light-induced phase shifts. (A)
Representative actogram of wheel-running activity. Mice were entrained to a 12L:12D schedule and then were placed under DD for 7-10 days. Mice were injected with BNF or vehicle at 100 μg/kg of body weight; then after 1 week, mice were given a 30-min light pulse at CT16 as shown by the horizontal arrow. (B) Phase shift after light exposure at CT16 of vehicle-and BNF-treated WT and AhRKO mice. n = 6-8 per group, *p < 0.05, comparing WT with BNF and AhRKO vehicle-treated mice by t-test.
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FIG. 2.
AhR activation blocks the Per1 induction in SCN and liver following a light pulse at night. Mice were entrained to a 12L:12D schedule and then were placed under DD for 7-10 days. Mice were injected with BNF or vehicle at 100 μg/kg of body weight; then after 1 week, mice were given a 30-min light pulse at CT16 and then were sacrificed. The whole brain was fixed in DD. (A) In situ hybridization was performed with a digoxygenin-labeled cDNA probe to detect Per1 mRNA in SCN. Representative images are shown; experiment was repeated for total n = 6-8. (B) qPCR for Per1 in liver, n = 7-10 per group. (C) qPCR for cyp1a1 in liver, n = 6-7 per group. (D) qPCR for clock genes in liver, n = 3-4 per group. Results are shown as fold change relative to control, mean ± SEM, **p < 0.01 and ****p < 0.0001 by one-way ANOVA with Tukey's post hoc comparison.
AHR ACTIVATION REPRESSES CLOCK RESETTING 371 BNF + FSK in c7 and c12 cells but not in c4 cells. These data further demonstrate that c12 and c4 cells lack a functional AhR/ ARNT signaling pathway.
AhR Activation Reduces FSK-Induced Per1 Through CRE but Not Through E-box Elements
Previously, we demonstrated that AhR disrupts BMAL1/ CLOCK activity and attenuates the endogenous Per1 rhythm by forming complex with BMAL1 (Xu et al., 2010) . In the next experiment, we used an E-box decoy to exclude that AhR inhibits FSK-induced Per1 through interaction with CLOCK/ BMAL1 binding E-boxes. A double-stranded oligonucleotide E-box decoy was employed to block activation of the E-box elements in the Per1 promoter. The increase in Per1 levels following FSK treatment was not changed by the addition of the E-box decoy. BNF reduced the FSK induction of Per1 transcript levels, and addition of the E-box decoy did not alter BNF-induced inhibition (Fig. 4A ).
Light and/or FSK induction of Per1 is dependent on the cAMP-CREB-CRE pathway. To verify whether the inhibitory effects of BNF on FSK-induced Per1 transcripts occur via the CRE elements, we performed a luciferase reporter assay. The Per1 promoter (Per1-Luc) and only CRE-binding site elements (CRE-Luc) luciferase reporter constructs were transfected into c7 or c12 cells. Both Per1-Luc and CRE-Luc activities were increased after FSK and TPA exposure (1.73 ± 0.19 and 1.50 ± 0.09, respectively, in c7 cells compared with DMSO Per1-Luc and CRE-Luc activities of 1.00 ± 0.02 and 1.00 ± 0.02, respectively, both p < 0.01, Fig. 4B ). Per1-Luc and CRE-Luc were increased in both cell lines. Per1-Luc and CRE-Luc were increased significantly more in the c12 cells that lack a functional AhR (2.33 ± 0.45 and 1.96 ± 0.27, respectively, in c12 cells compared with DMSO Per1-Luc and CRE-Luc activities of 1.00 ± 0.04 and 1.00 ± 0.07, respectively, p < 0.001 for Per1-Luc and p < 0.0001 for CRE-Luc, Fig. 4B ) suggesting that AhR activation may obstruct CRE activity induced by FSK.
FIG. 3. AhR activation reduces FSK-induced Per1 levels. (A)
Immunoblot was performed to determine basal level of AhR in c7, c12, and c4 cell lines. (B) qPCR was used to test the basal level of AhR target gene cyp1a1 mRNA in c7, c12, and c4 cells. All values were normalized to c7 values, with the fold change of cyp1a1 mRNA expressed on a logarithmic scale because of the large variation in values. n = 3, **p < 0.01, compare c7 control with others by one-way ANOVA with Tukey's post hoc comparison. (C) c7, c12, and c4 cells were treated with 10μM of BNF for 30 min and then 10μM of FSK for 1 h. Per1 mRNA was examined by qPCR. n = 5, **p < 0.01 comparing BNF + FSK or BNF group with FSK or DMSO group by Student's t-test. (D) cyp1a1 was tested in c7, c12, and c4 cells treated as in C. Results are expressed with fold change cyp1a1 mRNA on a logarithmic scale. β-Actin is used as internal control for qPCR. n = 3, **p < 0.01 and ***p < 0.001 comparing DMSO with others within a cell type by one-way ANOVA with Tukey's post hoc comparison.
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AhR Reduces FSK-Induced Per1 Transcripts Through the JNK Pathway
Light exposure acts through the MAPK pathway leading to phosphorylated CREB (p-CREB), increased CRE activity, and induction of Per1 transcripts (Obrietan et al., 1999) . To investigate the signaling pathway involved in the inhibitory effect of AhR on FSK-induced Per1, we examined p-CREB after BNF and/or FSK treatment. As shown in Figures 5A and 5B, p-CREB was increased by FSK treatment and the increase was maintained for up to 60 min in both c7 and c12 cells. BNF had no effect on the p-CREB induction by FSK in either cell line. These data demonstrate that BNF does not inhibit FSK-induced Per1 through interfering with p-CREB.
It has been reported that c-Jun binds to CRE and inhibits its activity (Zhang et al., 2004 ) and the AhR agonist TCDD activates JNK in an AhR-dependent manner (Diry et al., 2006; Weiss et al., 2005 Weiss et al., , 2008 , but it is also reported that TCDD activates ERK and JNK independent of AhR (Hoffer et al., 1996; Puga et al., 1992; Tan et al., 2002) . We evaluated the effect of BNF on phosphorylation of JNK (p-JNK). In both c7 and c12 cells, FSK treatment slightly increased p-JNK. BNF + FSK treatment further increased p-JNK over the level from FSK treatment alone in c7 cells but not in c12 cells (Figs. 5A and 5B). To determine whether this AhR-dependent increase in p-JNK can explain the inhibitory effect of BNF on FSKinduced Per1, the p-JNK inhibitor SP600125 was used in c7 cells. BNF was unable to increase p-JNK in the presence of SP600125 (Fig. 5C) , and SP600125 significantly reversed the ability of BNF to inhibit the FSK-induced Per1 (Fig. 5D ).
AhR activation also affects p38 and ERK (Park et al., 2005; Tan et al., 2002) ; thus, we examined their response to FSK and BNF + FSK stimulation. The phosphorylation of p38 (p-p38) was not changed after FSK exposure, but addition of BNF increased p-p38 in a time-dependent manner (Fig. 6A ). The addition of BNF had no significant effect on phosphorylation of ERK (Fig. 6A) . As seen in Figure 6D , the inhibition of BNF on FSK-induced Per1 was not reversed by specific inhibitors of either the p38 MAPK cascade (SB203580) or the ERK MAPK cascade (PD98059). Neither inhibitor affected the increase in p-CREB caused by FSK (Figs. 6B and 6C ). BNF inhibited FSK-induced Per1 transcripts more than either of these inhibitors alone (3.20 ± 0.29 and 2.98 ± 0.34, respectively, for SB203580 and PD98059, p < 0.05 compared with FSK alone 5.11 ± 0.41) suggesting that these inhibitors may act through AhR to inhibit FSK induction (Fig. 6D) . Together, these data suggest that BNF blocks the FSK-induced Per1 through an increase in p-JNK.
dISCuSSION
Previously, we demonstrated that the response of the circadian clock to light was altered in mice that had been exposed to TCDD 8 days prior to the light exposure (Mukai et al., 2008) . Recently, we have also shown that TCDD treatment can alter the clock's endogenous rhythm (Xu et al., 2010) . Similar to our previous findings, another AhR agonist, BNF, also reduced the phase shift after a light pulse in early night in WT mice. To test whether this effect was AhR dependent, we treated AhRKO
FIG. 4.
AhR activation reduces FSK-induced Per1 through CRE but not through E-box elements. (A) c7 cells were seeded in a 12-well plate. After 24 h, E-box decoy or mis-sense ODN was transfected into cells with Lipofectamine. After overnight incubation, cells were pretreated for 30 min with 10µM of BNF or vehicle and then exposed to 10µM of FSK or vehicle for 1 h. Per1 mRNA was examined by qPCR. n = 3, ****p < 0.0001 comparing FSK with all other groups by twoway ANOVA using Bonferroni's post hoc comparison. (B) c7 and c12 cells were transfected with Per1-Luc or CRE-Luc using lipofectamine. The Per1-Luc served as a positive control. After overnight incubation, cells were treated with 100 ng/ml of TPA + 10μM of FSK for 6 h. Promoter activity was evaluated by luciferase assay. Firefly activity was normalized to Renilla luciferase. n = 3, *p < 0.05, ***p < 0.001, and ****p < 0.0001 comparing DMSO with FSK + TPA for both cell types and luciferase constructs with two-way ANOVA and Bonferroni's post hoc comparison. mice with BNF and light pulses. The phase shift in AhRKO mice was unaffected by BNF treatment. These results demonstrate that BNF acts through AhR in its effects on light-induced phase shifts. Furthermore, these data suggest that AhR activation affects the signaling pathway through which light resets the circadian clock.
Induction of the Per1 transcript is required for light-induced phase resetting of the circadian clock both in vivo and in vitro (Akiyama et al., 1999; Shigeyoshi et al., 1997; Tischkau et al., 2003) . Our current results support an induction of the Per1 transcript along with a phase delay in response to early night light exposure. Furthermore, we have demonstrated that AhR activation by BNF inhibits the increase in Per1 levels caused by light and significantly reduces the light-induced phase delay in vivo, suggesting a modulatory effect of AhR activation on lightinduced phase shifting through inhibition of the Per1 transcript.
It can be argued that the most important function of the SCN is to decode environmental light signals and communicate these changes to the rest of the organism. In this manner, the SCN acts as the master clock for the body, communicating changes in environmental lighting to the peripheral organs through autonomic or endocrine signals (Buijs et al., 1998; de la Iglesia et al., 1995; Kennaway et al., 2002; Nagai et al., 1996) . Nocturnal light exposure immediately affects corticosterone and melatonin secretion, locomotor activity, body temperature, heart rate, and glucose metabolism (Buijs et al., 1999; Ishida et al., 2005; Klein and Weller, 1972; Loh et al., 2008; Scheer et al., 2001) .
The Per genes play an essential role in allowing the SCN clock to adapt to changes in environmental lighting; increased Per expression after light stimuli synchronizes peripheral rhythms to the central clock (Bae et al., 2001; Shearman et al., 2000; Zheng et al., 1999 Zheng et al., , 2001 ). In the liver, Per1 and Per2 increase after light exposure in early night, but other clock components including Per3, Cry1, Cry2, and the clock controlled gene, Dpb, do not change (Cailotto et al., 2009) . Similarly, in this study, we saw that Per1 increased in the liver after a light pulse at night, but all other clock genes tested, including Per2, Bmal1, Clock, Cry1, and Cry2, as well as c-fos, had no significant change. Although Cailotto et al. (2009) reported that Per1 and Per2 but not Per3 transcript were increased after 1 h light exposure at CT14, it is possible that we did not detect changes in Per2 due to 30 min light exposure at CT16. 
AHR ACTIVATION REPRESSES CLOCK RESETTING
Light exposure at night activates the MAPK signaling pathway, accelerates the phosphorylation of CREB, activates CRE element activity, and consequently induces Per1 in the SCN (Ginty et al., 1993; Obrietan et al., 1998) . FSK treatment also dramatically increases p-CREB and induces Per1 transcripts in cell culture (Obrietan et al., 1999; Travnickova-Bendova et al., 2002) . To further investigate the molecular mechanism by which AhR activation inhibits the response of Per1 in this pathway, we used hepatoma cell lines, which have been used extensively to investigate molecular mechanisms associated with AhR activation (Boverhof et al., 2005; Hoffman et al., 1991; Probst et al., 1993; Reyes et al., 1992 ), but we did not use SCN2.2 cell lines here due to their undetectable AhR expression. Per1 was increased after FSK exposure in all cell lines. BNF inhibited this FSK-induced increase in Per1 only in the c7 cell line, which contains an intact and fully functional AhR/ ARNT signaling pathway. FSK-induced Per1 is enhanced in c12 cells as a result of the absence of AhR, which may be related to the fact that AhR has a constitutive repressive effect on endogenous Per1 expression, as we demonstrated previously (Xu et al., 2010) . However, BNF did not alter the response of Per1 to FSK in c12 cells. In the c4 line, which expresses AhR, but lacks ARNT, BNF also had no effect on FSK-induced increase in Per1 levels. Collectively, these results suggest that both AhR and ARNT are important for the inhibitory effects of BNF.
E-box and CRE cis-elements are key components involved in the regulation of transcription from the Per1 promoter. CLOCK/BMAL1 controls E-box activity and the Per1 endogenous rhythm, whereas the CRE element responds to light signals to mediate the acute increase in Per1 after light exposure (Zylka et al., 1998) . In our previous study, we demonstrated that AhR activation inhibits endogenous Per1 levels, thereby disrupting the rhythm of Per1 through actions at the CLOCK/ BMAL1-controlled E-box in the Per1 promoter. In this study, BNF blocked the effects of FSK on Per1 in the presence of an E-box decoy, thereby excluding the E-box as the region of the Per1 promoter through which AhR acts. In contrast, activation of CRE-Luc by FSK was significantly reduced when AhR was present, showing that the inhibition induced by AHR activation occurs through its action on the CRE element. Our results suggest that BNF inhibits the FSK increase in Per1 by reducing the CRE element activity rather than the E-box element.
MAPK pathways are reported to acutely regulate the clock gene Per1 (Obrietan et al., 1999) . Light causes elevated intracellular calcium to activate ERK in the SCN, leading to enhanced p-CREB and increased Per1 levels (Ginty et al., 1993; Nomura et al., 2006; Obrietan et al., 1998) . Similarly, AhR activation has extensive effects on the MAPK signal pathway (Puga et al., 2009) . AhR agonists such as TCDD activate JNK through AhR (Diry et al., 2006; Weiss et al., 2005 Weiss et al., , 2008 , but TCDD can also activate p38, ERK, and JNK independent of AhR (Hoffer et al., 1996; Puga et al., 1992; Tan et al., 2002) . Interestingly, we found that BNF did not inhibit the increase in p-CREB caused by FSK treatment, but BNF did block the increase in Per1 caused by FSK. Furthermore, our results showed that FSK increased the phosphorylation of JNK, and BNF dramatically augmented the phosphorylation of JNK compared with FSK treatment alone in c7 cells that express AhR, but not in c12 cells whose AhR expression is greatly reduced. The p-JNK inhibitor Sp600125 significantly reversed the ability of BNF to block the increase in Per1 caused by FSK (Fig. 7) . Zhang et al. (2004) have reported that c-Jun has a negative effect on CRE activity. Therefore, we conclude that the inhibitory effect of BNF on FSK-induced Per1 resulted from the increase in p-JNK (Fig. 7) .
The light-dark cycle is the major environmental synchronizer of the SCN clock. A daily resetting or phase shifting of the master circadian clock is required to assure it remains synchronized with the external environment (Challet et al., 2003) . This phase shifting depends on environmental light acting indirectly on the SCN through activation of specific retinal ganglion cells in the retinohypothalamic tract. Light signals are carried into the SCN through activation of specific signal transduction pathways involving the phosphorylation of CREB and activation of MAPKs (Ginty et al., 1993; Nomura et al., 2006; et al., 1998). Rapid phase resetting allows an organism to adapt quickly to changes in external lighting and thus minimizes "jetlag." Our results suggest that the activation by the presence of environmental contaminants blunts the responsiveness of the clock to light. Consequently, the diminished ability to reset in response to light may create desynchrony between the organism and that environment and may ultimately precipitate health problems that manifest, such as fatigue, sleep disorders, and endocrine dysfunction (Crowley et al., 2007) . This study demonstrates that AhR agonists alter the clock's response to light. It provides new insights to prevent health problems resulting from ubiquitous environmental contaminants and some chemotherapy agents.
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